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(122 meters) of altitude, later northward, eashvard, and upward in spring and early summer, and the reverse in late summer and autumn". Caprio (1967) and Hopp and Blair (1973) found that the flowering of lilac (@ringa vulgaris L. and S. persicu X vulgaris L.) at various locations in western, north central and north eastern United States did not follow Hopkins' Law.
The summation of positive temperatures (degree days) above a threshold temperature has been used to predict flowering dates (Lindsey and Newman 1956 , Holmes and Robertson 1959 , White 1979 . Degree days often failed when applied in climatic areas that differed significantly from the locations where it was developed [Holmes and Robertson 1959) . Degree days was inadequate to predict plant development or flowering date when crops were planted at different dates (Madariaga and Knott 1951) and locations (Magoon and Culpepper 1932, Moorman et al. 1990 ). Nuttonson (1955) found that degree days times daylength was better than degree days alone in predicting development of winter and spring wheat (Triticum aestivum L.) at a wide range of latitudes in the United States and Russia. McMaster and Smika (1988) and others have also shown this or conflicting results. Recent models of winter cereal development are based upon rate of daylength change at the time of crop emergence (Baker et al. 1980 , McMaster et al. 1991 . In contrast, development of spring cereals was based upon daylengtb (not rate of change) at crop emergence (Wright and Hughes 1987) . Robertson (1953 and 1968) and Wright and Hughes (1987) found that the development of wheat and barley (Hordeum vulgare L.) responded to daylength above some threshold depending upon growth stage rather than the simple relationship proposed by Nuttonson (1955) .
The objective of this study was to develop a method to predict flowering dates of a large array of plant species at 8 locations ranging from 39 to 50" N latitude and 84 to lOSo W longitude in central North America. Degree days or degree days times daylength cannot be used in plant growth models to predict plant development or flowering dates of plants at locations with a wide range of latitude.
Materials and Methods
Published data from S locations (Swift Current, Saskatchewan [50.27" N 107.73" WI; Treesbank, Manitoba [49.7" N 99.6" W] ; Sidney, Mont. [47.73" N 104.15" w]; Fargo, N.D. [46.9" N 96.8" W]; Sauk Co., Wise. [43.6" N 89.67" WI; Dane Co., Wise. [43.08" N 59.42" w] ; Wauseon, Ohio [41.6" N 84.12" WI; and Manhattan, Kans. [39.18" N 96.57" WI) were used to test the accuracy of various methods of predicting flowering dates for a wide array of plant species. Mean flowering dates of 14.5 plant species near Swift Current (Budd and Campbell 1959) , 400 species near Treesbank (160 km southeast of Brandon) (Criddle 1927) , 170 species near Fargo (Stevens 1956) , and yearly flowering dates of 53 species near Sidney (White 1979) , 233 species in Sauk and Dane counties near Madison, (Leopold and Jones 1947) , 161 species near Wauseon (Smith 1915) , and 132 species near Manhattan (Hulbert 1963) were sorted to identify those species common at Treesbank and at any one of the other 7 locations. After updating plant names there were 64 plant species common between Treesbank and Swift Current and 22, 39, 41, 30, 24 , and 17 plant species common between Treesbank and Sidney, Fargo, Sauk, Dane, Wauseon, and Manhattan, respectively (Table 1) . Data included 8 species of trees, 12 shrubs, and 110 forbs for a total of 130 plant species. The forbs included 8X perennial, 9 biennial, and 13 annual species. At Swift Current, Treesbank, and Fargo where data were not available for individual years a species was used only when the mean flowering date was based on 3 or more years of data. Where yearly flowering dates were available at Sidney, Sauk, Dane, Wauseon, and Manhattan only flowering dates within a given 5-year period were used and only if flowering had been recorded for at least 3 of the 5 years. Budd and Campbell (1959) defined flowering as the full opening of the petals to expose stamens and pistil. Multiflowering plants were considered flowering when first florets bloomed. Hulbert (1963) and Leopold and Jones (1947) reported flowering of trees when first pollen was shed as noted in Table 1 . Stevens (1956) reported flowering when first pollen was shed for all plants. White (1979) reported flowering of forbs and shrubs when 10% of the plants within the study area had at least one flower. Criddle (1927) did not state how he determined first flowering.
Mean flowering date and summation of degree days or degree days times daylength factor at each location were restricted to the following 5-year periods: 1950 through 1954 for Swift Current, Fargo, and Manhattan, 1910 through 1914 for Treesbank, 1967 through 1971 for Sidney, 1941 through 1945 for Sauk and Dane, and 1891 through 1895 for Wauseon. It was assumed that any 5-year period within the data sets should accurately estimate the mean flowering date of a species. Too many species would have been eliminated if a longer period had been chosen. Linear and quadratic polynomial regressions were used to plot flowering dates of plants at Treesbank versus 7 other locations. Treesbank was chosen as the common location to compare all others to because its had flowering dates of the largest number of species that were common to all locations. If any other location had been used it would have decreased the number of species available for comparison. Each regression was significant at PcO.05 level.
Daily maximum and minimum air temperatures from first of December through last of September for the 5-year period selected for Swift Current airport, Brandon (closest weather station to Treesbank), Sidney, Fargo, Wisconsin Dell for Sauk, Madison for Dane, Wauseon, and Manhattan (town) were used to calculate degree days or degree days times daylength factor. Degree hours were accumulated every 0.1 hour from sunrise to sunset then divided by 10 and by daylength to put it on a daily bases. Air temperature every 0.1 hour was determined from maximum and minimum temperatures by de Wit (1978) method. Baker et al. (19SS) found that the de Wit method was most accurate in estimating hourly air temperatures of the 3 methods tested. Daily sunrise and sunset at each location was calculated with a HewlettPackard time-shared BASIC computer program (36180 rev. A 3172).
The method reported by Lindsey and Newman (1956) was used to determine which threshold temperature from -6 to 10" C (at 2' C interval) was optimum in predicting flowering dates at 5 locations (Sidney, Sauk, Dane, Wauseon, and Manhattan) where individual yearly flowering dates were available. The optimum threshold temperature was at the inflection point when the coeffrcient of variations were plotted for the various threshold temperatures (Lindsey and Newman 1956) . A 4-year period was used at Sidney, Sauk, and Dane while a 5-year period was used at Wauseon and Manhattan.
The average number of degree days or degree days times daylength factor over 5 years was than calculated for each location for each day of the year. The mean flowering date for each species at each location was used to calculate the average (over 5 years) degree days or degree days times daylength factor that had been accumulated when each species flowered at each location.
The accuracy of each method in predicting flowering dates was evaluated by 2 methods. The first method determined accuracy by plotting the various mean (averaged over 5 years) degree days or degree days times daylength factor calculated for each species at each of the 7 locations against that calculated for Treesbank. A method was considered accurate if the variability around the linear model was small enough that I could accept the hypothesis of a 1 to 1 relationship of degree days or degree days times daylength factor required for each species to flower from the earliest to the latest flowering species. Because of the nature of the data sets from the 8 locations almost all of the usable information was required to develop the model, consequently validation will come from use of the model in future research.
The second method of determining accuracy was the standard deviation in days between mean flowering date and predicted flowering date. The variation of degree days or degree days times daylength factor between locations was not used to determine the accuracy of each method because of the large difference in the size of numbers between methods. The size of units also varied depending upon threshold temperature and weight given to daylength.
A common base unit was needed to compare how well each method accounted for variation in flowering dates between locations. Therefore, a normalizing procedure was used to convert the various methods of accumulated degree days or degree days times daylength factor to an appropriate calendar date for each species at each location. The mean unit over locations was used to calculate the calendar date that a method would predict flowering of each species at each location. The difference between the actual flowering date and predicted flowering date was used to calculate standard deviation by location. Thus the various methods of accumulating degree days or degree days times daylength factor were compared in plus or minus so many days. White (1979) used a similar method to compare the accuracy of various methods in predicting the flowering date of 53 species near Sidney, Mont., over a 4-year period.
Results and Discussion
There was a straight line relationship between species JOURNAL OF RANGE MANAGEMENT 48(2), March 1995 (5) 812 (4) in (7) kS ( (9) 7/l l(6) 7/16(4) i/10(4) 7/24(4) 7/27 (6) 619 (11) 6/26(10) 7X2(6) 7/21(S) 4/30 (13) i/29 (7) 712 (7) 5/7 (12) (4) il9 (4) 613 (4) 613 (4) 715 (4) i/22 (4) 6/s (5) 614 (4) 7/12(4) 7/12 (4) i/23(4) ;I2 (5) i/10 (6) it7 (4) i/13(4) 4/10 (6) 6/12(5) 4/30 (5) 4/3 (5) i/19 (4) i/29 (4) 515 (4) 513 (4) 513 (4) 511 (4) ki (4) in ( flowered at Swift Current, Sidney, and Manhattan compared to when they flowered at Treesbank (Fig. 1) . However, the relationship of flowering date at Fargo, Sauk, and Wauseon with those at Treesbank was curvilinear. The coefficient of determination (?) of flowering dates ,at Treesbank versus the other 7 locations was the lowest at Manhattan (0.84) and ranged from 0.90 to 0.96 at the other locations. These data showed that plants flowering in late June flowered at the same time regardless of latitude. Plants flowering at the other 6 locations before late June were earlier than those at Treesbank and those flowering after late June were later than those flowering at Treesbank. This relationship is similar to that predicted by Hopkins' Law (Hopkins 1938) . Flowering dates of 10 of the 130 species deviated more than 15 days from the regression line for a given location. The mean flowering date of only 3, 2, 0, 0, 3, 0, and 4 species at Swift Current, Sidney, Fargo, Sauk, Dane, Wauseon, and Manhattan, respectively, deviated more than 15 days. These deviations could have been caused by genotypes, different responses to daylength, and temperature at the various locations. These 10 species could have also been misnamed or subspecies.
Taraxacam ofjkinale deviated from the regression line 20 to 30 days at Swift Current, Dane, and Manhattan. Because of this deviation Taraxacum officinale would not be a good index species for predicting development of other species. Later flowering species such as Cirsium andulatam at Sidney, Helianthemum canadense at Dane, Lobelia spicata at Dane, and Solidago missouriensis at Sidney all flowered more than 18 to 35 days off the regression line at one location. The early flowering species that deviated significantly from the regression line were Acer negundo at Manhattan, Androsace occidentalis at Manhattan, Antennaria microphylla at Swift Current, Astragalus crassicarpus at Manhattan, and Thermopsis rhombifolia at Swift Current. The remaining 124 species present at 2 or more locations were used to test the accuracy of various methods to predict flowering dates.
I tested 49, 87, 23, 18, and 37 species at Sidney, Sauk, Dane, Wauseon, and Manhattan to determine the optimum threshold temperature to predict flowering date with degree days by Lindsey and Newman (1956) method. Species at Sidney and Manhattan were divided into early and late flowering groups. Species at Sauk were divided into early, middle, and late flowering groups. Species at Dane and Wauseon were left in one group at each location. This method found that the optimum threshold temperature was 2" C for all locations except Sidney. Sidney's optimum threshold temperature was 3" C for both the early and late flowering groups. The optimum threshold temperature for both the early and late flowering groups at Manhattan was 2" C. The optimum threshold temperature for all 3 groups at Sauk was I  I  I  I  I  I  100  150  200  250  100  150  200  250  100  150  200  250  TREESBANKYEARDATE  TREESBANK YEAR DATE  TREESBANK 2' C. Therefore 2" C was used as the threshold temperature for all species. White (1979) also found by a different method that 2" C was the optimum threshold temperature for early flowering species and 4' C for late flowering species. The degree days (threshold 2" C) predicted flowering dates with a standard deviation of 2 to 18 days at the various locations (Table 2 ). Regression analysis showed that slope of accumulated degree days of when each species flowered varied from 0.92 to 1.52 depending upon the location.
Degree days (threshold 2" C) times daylength as suggested by Nuttonson (1955) was better than the degree days in predicting flowering dates. It's standard deviation was 1 to S days better than degree day only depending upon the location. Again there was not a 1 to 1 relationship between accumulated degree days times daylength of when each species flowered at Treesbank and any of the other 7 locations. Slopes ranged from 0.93 to 1.43 (Table 2) .
The degree days (threshold 2" C) times daylength factor (l/(0.259 -0.0140 * daylength) was by far the best method to predict flowering dates of 124 species divided among 8 locations. This daylength factor slightly discounted daylength below 13 hours and greatly increased its weight for every hour over 13 hours (Fig. 2) . This method had a standard deviation of 3 to 9 days less than degree days times daylength at 5 of the 7 locations (Table 2) . It had a standard deviation of 0 to 17 days better than degree days only at 6 of 7 locations. Regression analysis showed that slope of accumulated degree days times daylength factor of when each species flowered was nearly one at 6 of 7 locations thus the variability was small enough that I could accept the hypothesis of a 1 to 1 relationship of degree days times daylength factor accumulated at Treesbank versus any of the other locations (Fig. 3) . During the process of determining how to adjust daylength to predict flowering it became apparent that degree days times daylength factor had to be accumulated from the first of December in order to predict flowering dates at Manhattan. Accumulation of degree days or thermal units from the first of March worked well at Sidney, Mont. (White 1979) . However, even accumulation of degree days times daylength factor from the first of January or later caused large errors in predicting flowering dates at Manhattan.
Degree days times daylength factor need to be calculated at least every hour from sunrise to sunset to accurately accumulate thermal units. Lindsey (1963) found that using only maximum and minimum temperatures with the degree days caused an 8 to 15% error in calculating degree days.
Conclusions
The degree days times daylength factor accurately predicted flowering dates of 124 species among 8 locations ranging from 39 to 50" N latitude and 84 to 108" W longitude. The degree days and degree days times daylength could not be used to predict flowering dates of plants at widely ranging latitudes. Each hour of daylength above 13 hours had a larger effect on flowering than each hour under 13 hours. This accounts for why crops planted at different times of the year did not develop or mature with the same number of degree days. There was a 1:l relationship behveen degree days times daylength factor required for plants to JOURNAL OF Literature Cited
